Protists have fundamental ecological roles in marine environments and their diversity is being increasingly explored, yet little is known about the quantitative importance of specific taxa in these ecosystems. Here we optimized a newly developed automated system of image acquisition and image analysis to enumerate minute uncultured cells of different sizes targeted by fluorescence in situ hybridization. The automated counting routine was highly reproducible, well correlated with manual counts, and was then applied on surface and deep chlorophyll maximum samples from the Malaspina 2010 circumnavigation. The three targeted uncultured taxa (MAST-4, MAST-7 and MAST-1C) were found in virtually all samples from several ocean basins (Atlantic, Indian and Pacific) in fairly constant cell abundances, following typical lognormal distributions. Their global abundances averaged 49, 23 and 7 cells ml −1 , respectively, and altogether the three groups accounted for about 10%-20% of heterotrophic picoeukaryotes. Our innovative high-throughput cell counting routine allows for the first time a direct assessment of the biogeographic distribution of small protists (< 5 μm) and shows the ubiquity in sunlit oceans of three bacterivorous taxa, suggesting their key roles in marine ecosystems.
Introduction
Protists are critical components of marine systems, largely contributing to biogeochemical processes and ecosystem functioning as major players in primary production, nutrient cycling, and food-web dynamics (Sherr and Sherr, 2008; Worden et al., 2015) . In particular, picoand small nanosized heterotrophic protists (1-5 μm) are important mortality agents of planktonic prokaryotes and thus link prokaryotic biomass with upper trophic levels (Jürgens and Massana, 2008) . A key component of this functional group are the MArine STramenopiles (MASTs), initially detected in molecular diversity surveys and formed by at least 18 independent lineages of essentially uncultured protists (Massana et al., 2014) . Some MAST lineages have shown active bacterivory Piwosz et al., 2013) and a widespread distribution in sequencing datasets (Lin et al., 2012; Logares, et al., 2012; Seeleuthner et al., 2018) . Furthermore, MAST cells may be of quantitative importance and one group in particular, MAST-4, averaged 9% of the picosized heterotrophic protists in a sparse set of marine surface samples, being proposed as the most abundant heterotrophic protist in the oceans (Massana et al., 2006) . Unfortunately, despite the apparent importance of MAST cells, our knowledge of their biogeographic distribution is still very incomplete.
Since the beginning of the 21 st century, technological progresses in molecular ecology have substantially boosted our understanding of the biogeography of eukaryotic microbes. High-throughput sequencing (HTS) surveys, allowing the parallel analysis of multiple samples, have been very successful in unveiling the patterns of the small protists community structure at various spatial and temporal scales (Amaral-Zettler et al., 2009; Lepère et al., 2013; Mangot et al., 2013; de Vargas et al., 2015; Massana et al., 2015) . These approaches, however, are intrinsically limited in revealing protist abundances. Even though HTS surveys may provide reasonable relative quantitative estimates Giner et al., 2016) , it is known that these may deviate significantly from true cell abundances (Medinger et al., 2010) . Perhaps their most critical drawback is the large variation in the ribosomal (r)DNA operon copy number among protist taxa, which in microbial eukaryotes can vary by several orders of magnitude and is roughly correlated with cell size (Zhu et al., 2005) and genome size (Prokopowich et al., 2003) . These large differences, from a few copies per cell in some green algae to several thousands in some dinoflagellates or ciliates (Zhu et al., 2005; Vd'a cný et al., 2012) , will indeed influence the interpretation of the relative abundance of protist taxa in DNA surveys (Medinger et al., 2010) . Consequently, manual cell counting under the microscope is still the method of choice to quantify microbial eukaryotes. Since microscopic counting is time consuming and operator-dependent, tools have been developed to automate some steps, with significant advances in image analysis (Bloem et al., 1995; Singleton et al., 2001; Abràmoff et al., 2004; Selinummi et al., 2005; Thiel and Blaut, 2005; Zhou et al., 2007) and image acquisition with a motorized microscope (Pernthaler et al., 2003) . The latter automated system has been applied to quantify specific-labelled prokaryotic taxa with fluorescence in situ hybridization (FISH) in thousands of samples from laboratory experiments (Pernthaler et al., 2003) and oceanographic surveys (Schattenhofer et al., 2009) . Further developments of the system have been made to minimize human intervention (Zeder and Pernthaler, 2009; Zeder et al., 2011) and to facilitate and speed the whole process (Bennke et al., 2016) . So far, this automated counting system has only been used for prokaryotes, and its application to count protist cells requires some adjustments, as protist are orders of magnitude less abundant than their prokaryotic counterparts.
In the present work, we optimized the above automated cell counting system on three uncultured protist taxa of different cell size, MAST-1C (~5 μm) and MAST-4 and MAST-7 (~2 μm). These groups were selected because they are widely found in sequencing surveys and FISH probes are already publicly available for their detection (Massana et al., 2002 (Massana et al., , 2006 Giner et al., 2016) . We first optimized the counting routine for pico-and nanoeukaryotes using coastal and enrichment samples from past projects. Then, we applied this method on the Malaspina 2010 circumglobal expedition where 129 stations were sampled at two depths in the photic zone of the Atlantic, Indian and Pacific Oceans (Supporting Information  Fig. S1 ). We show here the spatial distribution of the three MAST groups in parallel with that of small pigmented and colourless protists (< 5 μm) and report their ubiquity and constancy in cell numbers. Our approach constitutes the first attempt to describe the abundance of several small protist components in epipelagic oceanic waters using state-of-the-art automated microscopy.
Results

Optimizing the automated image acquisition and analysis for FISH counts
To calibrate the automated enumeration approach for small protists, we selected samples from past coastal surveys (Giner et al., 2016) and enriched natural communities (del Campo et al., 2013) . The manually counted abundances of MAST-1C varied from 0 to 304 cells ml −1 (median = 6) while MAST-4 densities ranged from 4 to 1145 cells ml −1 (median = 261; Supporting Information Table S1 ). We first identified the settings for the best distinction between true FISH-positive cells and undesired signal by combining 4,6-diamidino-2-phenylindole (DAPI) and FISH images. FISH-positive cells were those fulfilling the following criteria: (i) an object area between 100 and 2000 pixels and a MGVp90 (mean grey value of the darker pixels) > 200 in the DAPI image, (ii) an object area between 300 and 3000 pixels, an signal background ratio (SBR) > 3 and a MGVp90 > 250 in the FISH image, and (iii) an object overlap between DAPI and FISH images > 75%. Then we evaluated the number of fields of view (FOVs) needed to reach an accurate estimate by plotting the mean cell abundance and its standard error obtained by increasing the number of FOVs considered. We illustrated this with MAST-4 counts obtained in three coastal samples with contrasting cell abundances (Supporting Information Fig. S2 ). The sample with the highest MAST-4 density required less images to have an accurate cell count. In the sample with the lowest abundance, a fairly constant estimate was obtained after considering 200 FOVs. Similarly, about 180 FOVs were required to obtain a reliable estimate of MAST-1C abundance (Supporting Information  Fig. S2 ).
Validation of the automated enumeration of small protists
We compared the automated counts of MAST-1C and MAST-4 cells with published manual counts (Supporting Information Table S1 ). Manual and automated MAST-4 counts for coastal and enrichment samples analysed separately (data not shown) and together were strongly correlated (r = 0.966, P < 0.001; Fig. 1A ). MAST-1C counts displayed similar results (r = 0.996, P < 0.001; Fig. 1B ). Despite these good correlations, the slopes of the linear regression were significantly greater than 1 (about 1.3 in both cases), indicating a slight underestimation of automated counting (Fig. 1A,B) . In order to understand this, we counted MAST cells by visually inspecting the acquired images, avoiding then the image analysis step. In doing so, we observed a strong and significant correlation between automated counts and those derived from manually inspecting the images in both MAST-4 (r = 0.991, P < 0.001; Fig. 1A ) and MAST-1C counts (r = 0.999, P < 0.001; Fig. 1B ). Although still significantly greater than 1, the slopes were a bit smaller than before (~1.1 in both cases), indicating that the visual inspection of the images allowed to detect few cells missed by the image analysis (Fig. 1A,B) . These 'missed' cells were explained by two main factors: (i) the overlap of two or more FISH-positive cells that create an object area beyond the limits defined for a single cell and (ii) FISH-positive cells placed at the image edge and escaping automated detection.
Next, we investigated the replicability of the automated counting by performing independent image capture sets (different FOVs) on the same filter section. Triplicate counts on MAST-4 cells in coastal samples covering a broad range of cell densities performed very well, as shown by the small standard errors in each sample (Supporting Information Fig. S3 ). Coefficients of variation (CV) were typically below 10% for samples above 35 cells ml −1 and were larger and variable for lowabundance samples, ranging from 47% (Varna'10 deep chlorophyll maximum [DCM] , 28 cells ml −1 ) to 111%
(Varna'10 Anoxic, 4 cells ml −1 ).
The previous analysis showed that a given filter section yielded a consistent value, but another section from the same filter could provide a different estimate if cell distribution was uneven. Thus, we investigated the distribution of MAST-4 and MAST-7 cells on entire filters by processing about 3000 FOVs per filter (~15% of the total area). The abundance of both groups differed in the test sample (380 cells ml −1 for MAST-4
and 60 cells ml −1 for MAST-7) but their respective cells were evenly distributed in the entire filters ( Fig. 2A ). This was illustrated by calculating cell abundance in 10 virtually cut filter sections ( Fig. 2A) . In each virtual section, the abundance of MAST-4 varied from 315 to 427 cells ml −1 , while that of MAST-7 ranged from 49 to 68 cells ml
. This represented CV of 9.5% for MAST-4 and 9.2% for MAST-7, variation which became smaller when only five or two virtual filter sections were considered (Fig. 2B ).
Epipelagic abundance of picosized and small nanosized protists over the oceans We aimed to count phototrophic and heterotrophic eukaryotes smaller than 5 μm by standard epifluorescence microscopy in all epipelagic stations visited during the Malaspina circumglobal expedition, but some preparations had lost the chlorophyll red autofluorescence during storage and were not processed. In the end, we obtained counts for 94 surface samples and 114 DCM samples (Table 1) . Overall, small protists were ubiquitous and exhibited only minor variations in cell abundance, with averaged values of 1942 (AE 166) cells ml −1 at surface and 5227 (AE 507) cells ml −1 at DCM depths (Table 1) . Pigmented and colourless cells also showed this constancy in abundance in both depths (Fig. 3A) . In general, heterotrophs were less abundant than phototrophs both at surface (mean of 385 vs. 1557 cells ml
and DCM depths (mean of 799 vs. 4440 cells ml Table 1 ). Consequently, the heterotrophic community accounted on average for 20%-25% of total small eukaryotes in the sunlit water (Fig. 3B) . When comparing the two depths, about 2-3 times more cells were detected at the DCM than at surface ( Fig. 3A and Table 1 ). As expected, phototrophic cells represented a larger proportion of small protists (~85%) at the DCM (Fig. 3B ). The abundances of small protists also exhibited slight variations when considering the different oceans and geographical regions visited during the cruise (Supporting Information Fig. S1 ). Globally, phototrophs and heterotrophs were more abundant in the Pacific Ocean with, respectively, about 1.4 and 1.9 times more cells in these waters (Table 1) . They notably reached highest abundances in the North Pacific, where they averaged 9332 phototrophs ml −1 and 1290 heterotrophs ml −1 (Table 1 and Supporting Information   Table S2 ). On the other hand, lowest abundances of both phototrophs and heterotrophs were found in the Indian and South Atlantic Oceans (Table 1 and Supporting Information Table S2 ).
Automated counts of three MAST lineages at a wide geographical scale
We obtained automated counts of three MAST lineages in surface (n = 128) and DCM (n = 122) samples taken during the Malaspina cruise. The three taxa were found in almost all samples as we were unable to detect MAST-1C, MAST-4 and MAST-7 cells in only 4, 7 and 20 epipelagic samples, respectively (Supporting Information Table S2 ). Globally, the two epipelagic layers displayed very similar averaged abundances: 7 (AE 1) and 6 (AE 1) cells ml −1 for MAST-1C, 51 (AE 5) and 47 (AE 6) cells ml −1 for MAST-4 and 24 (AE 3) and 22 (AE 2) cells ml −1 for MAST-7 in surface and DCM, respectively (Table 1) . Despite similar cell numbers of the three groups in the two depths ( Fig. 3C ), their contribution to total heterotrophic protists was larger at the surface than at the DCM (Fig. 3D ). The averaged proportions of MAST-1C, -4 and -7 cells with respect to total heterotrophs were 2.4%, 15.8% and 6.6% at the surface, and 1.0%, 6.9% and 3.1% at the DCM (Fig. 3D) . Altogether, the three MAST groups can locally reach very high contributions, with a maximal value of 85.3% of heterotrophs in a surface sample of the Equatorial Pacific (Fig. 4A) . With respect to their geographic distribution, the three MAST groups displayed slight differences (Table 1 and Fig. 4C,D) . MAST-1C, the least abundant of the three groups, maintained relative similar abundances at the three visited oceans, while MAST-4 and MAST-7 were locally variable (Table 1 and Fig. 4C,D) . MAST-4 exhibited highest abundances in the Indian Ocean (near the African coast) both at surface (264 cells ml −1 ) and DCM waters (503 cells ml −1 ), whereas MAST-7 was more abundant in the North Pacific, with maximal values of 171 cells ml −1 recorded at surface and 152 cells ml −1 at the DCM (Fig. 4C,D) . Nevertheless, these peaks were uncommon and MAST-4 and MAST-7 abundances remained relatively stable and within a relatively small range over the cruise (Table 1 and Fig. 4C,D) .
Abundance spectra and factors explaining the global distribution of small eukaryotes and MASTs
We explored the abundance spectra of small protists and the three MASTs groups in the epipelagic zone (surface and DCM combined) by comparing their logarithmic abundances with a set of statistical distribution models. Globally, we observe that all groups better fitted to normal-like models (bell-shaped curve), with yet slight differences in the width of the bell expressed by the standard deviation (σ) estimate (Fig. 5) . The logarithmic abundance spectra of both phototrophic and heterotrophic protists followed a unimodal gamma distribution, with a wider variation in phototrophs (σ = 0.39) than in heterotrophs (σ = 0.29; Fig. 5A ). Regarding the MASTs, MAST-4 followed a normal distribution while MAST-1C and MAST-7 better fitted to a Weibull distribution (Fig. 5B) . The width of the bell also varied among groups, with MAST-4 and -7 showing a wider dispersion (σ = 0.51-0.53) than MAST-1C (σ = 0.33). In normal distributions most values (~68% for a standard normal model) are within one standard deviation of the mean. Applying this to our data, it shows that the abundance of Fig. 3 . Global abundance of total phototrophic and heterotrophic protists (<5 μm) and of three MAST groups. Box plots capture the variation in abundance of the phototrophs and heterotrophs (A) and of the MAST groups (C) at surface (orange) and DCM (grey). The variation of the proportion of phototrophs and heterotrophs to the total counts of small protists (B) and of the proportion of the MAST groups to total counts of heterotrophic protists (D) are shown for both depths. Each data point represents an individual sample. Significant differences between surface and DCM are shown with Mann-Whitney-Wilcoxon tests (NS: P > 0.05, *: P < 0.01, **: P < 0.001). DCM, deep chlorophyll maximum; MAST, MArine STramenopile.
small protists and MASTs in the sunlit ocean generally varied within one order of magnitude (Fig. 5) . We further performed a constrained ordination analysis (redundancy analysis, RDA) to explore whether the abiotic and biotic variables collected during the cruise could explain the variations in abundance of small phototrophic and heterotrophic eukaryotes and of the three MAST groups (Supporting Information Fig. S4 ). With respect to the small protists, a minor part of the variability (24.8%) was explained by the first two axes (adjusted R 2 = 0.246, P < 0.001; Supporting Information Fig. S4A ). The factors that better explained the variations in phototrophic abundances were the concentration of chlorophyll a and phosphate, while changes in heterotrophic abundances were related to water temperature (Supporting Information   Fig. S4A ). On the other hand, the RDA analysis conducted on the three MAST groups revealed a nonsignificant correlation with environmental parameters (adjusted R 2 = 0.014, P = 0.07; Supporting Information Fig. S4B ). Finally, we explored the relationship between the abundances of MAST-4 and MAST-7 in each sample (Supporting Information Fig. S5 ) to see whether they compete for the same ecological niche or if they follow the same environmental drivers, as these taxa have a similar cell size. These two taxa showed a weak but significant positive correlation when combining all samples (r = 0.41, P < 0.001, n = 250; Supporting Information Fig. S5B ). Considering each ocean separately (Supporting Information Fig. S5A ), the relationship was very strong in the Indian Ocean (r = 0.77, P < 0.001, n = 65), less clear in the Atlantic Ocean (r = 0.51, P < 0.001, n = 109), and absent in the Pacific Ocean (r = 0.11, P = 0.33, n = 76). The slope of the linear regression was~1 in the Atlantic and~2 in the Indian Ocean (Supporting Information Fig. S5A ), meaning that MAST-4 was equal or twice more abundant than MAST-7 in these oceans.
Discussion
A high-throughput automated cell counting mastered for pico-and nanoeukaryotes
In this study, we tested and optimized an automated image acquisition and image analysis system for the enumeration of planktonic pico-and nanoeukaryotes. Test samples covered the broad range of cell densities typically found in marine systems (from 1 to 10 3 cells ml −1 ) and included enrichment samples with different microbial life stages that might have variable rRNA content. Our routine provided accurate counts with both natural and enrichment samples, likely because we used an enzymatic signal amplification step during tyramide signal amplification (TSA)-FISH that increased 20-40 times the fluorescence intensity of target cells (Schönhuber et al., 1997; Biegala et al., 2003) . Overall, we propose a consensus of settings for enumerating FISH-positive cells, both picosized (MAST-4 and MAST-7) and nanosized (MAST-1C), which appear of similar size (~700 pixels per cell) when acquired at different magnifications. We believe that this approach can be applied to other small eukaryotes.
In contrast to prokaryotic taxa that require about 10 highquality images to obtain statistically relevant counts (Bennke et al., 2016) , many more images are needed to estimate protist abundance. We showed that acquiring about 200 high-quality images was sufficient for an accurate estimation of the abundance of nanosized or picosized eukaryotes. This is consistent with the area inspected during manual epifluorescence microscopic counting of small eukaryotes (Pernice et al., 2015) , often based in a transect of about 20 mm at 1000× (i.e., 200 FOVs). We also analysed the distribution of cells on an entire membrane filter. The relative homogeneous cell distribution on the filter supports the practice of using a filter section for FISH. Commonly, 25 mm membranes are cut in 8-12 sections to perform separate counts of microbial taxa by FISH Karl, 2007) , and we show here that counts performed with separate filter sections are reasonably similar.
Besides its replicability and accuracy, the automated counting is faster and saves time for the operator. Once filter sections are hybridized, up to 100 samples per week can be processed by the automated image acquisition and analysis, while a single expert operator dedicating 6 h a day on manual counting would process up to 30 samples per week. This system opens up new possibilities of addressing the global abundance of specific microbial taxa, as exemplified here with the samples from the Malaspina global expedition (Duarte, 2015) . Our automated routine is well suited to count FISH-labelled microbial cells that have regular object properties and allows assessing cell biovolumes as well, as reports of parameters useful for this calculation (object area, perimeter and circularity) are generated for each recognized cell. Our automated method can also be adapted to dual FISH Fig. 5 . Density plots of the logarithmic abundance distribution of small phototrophic and heterotrophic protists (A) and of the three MAST groups (B). Mean (μ) and standard deviation (σ) of each abundance spectra are shown to emphasize the width of the distribution. The curve of the best fitting model is also displayed for each group (gamma in small protists; Weibull in MAST-1C and MAST-7; normal in MAST-4). MAST, MArine STramenopile assays, which couples the quantification of predator/prey and parasite/host populations, as long as homogenous cell characteristics can be defined in the groups of interest. Therefore, it has a high potential to assess specific functional diversity and responses of specific grazers or parasites in natural environments. In the future, we envision the application of our automated method to count the whole small protist community, a more difficult task as this includes a mix of cells with variable size, shape and pigmentation, making harder the generalization of object features for image analysis. Meanwhile, the method of choice to quantify phototrophic and heterotrophic cells is still manual counting.
Worldwide distribution of epipelagic small protists and MASTs
The unprecedented scale and geographical coverage of our sampling effort allowed a comprehensive investigation of the abundance of small protists and three of their constituting taxa in the epipelagic zone of the three main oceans. The abundance and relative contribution of phototrophic and heterotrophic protists in the two layers was within the range previously observed: 0.3-8.0 × 10 3 at surface and 0.6-46.0 × 10 3 cells ml −1 at DCM for phototrophs, and 0.1-2.0 × 10 3 at surface and 0.2--5.0 × 10 3 cells ml −1 at DCM for heterotrophs, the latter representing 10%-30% of protists in upper marine waters (Sanders et al., 2000; Jürgens and Massana, 2008; Lepère et al., 2009; Li, 2009; Cabello et al., 2016) . Despite some spots of exceptionally high abundances, particularly in the North Pacific, a relative constancy of these communities along the cruise track was evident, and this could be explained by the relative uniformity of hydrological conditions. Thus, temperature at both surface and DCM depths averaged 22.7 C (CV = 17.3%) and salinity averaged 35.7 psu (CV = 2.4%; Supporting Information Table S2 ).
One reason for such uniformity is that about 75% of the stations were in the Trades Biome (Supporting Information Fig. S1 ), known as having a strong permanent thermocline and a weak seasonality (Longhurst, 2007) . Within heterotrophic protists, we investigated the abundance in the epipelagic global ocean of three uncultured MAST groups with the automated counting approach. The three groups showed a ubiquitous distribution (present in > 90% of the samples) and only slight variations in cell abundances. With~50 cells ml et al., 2018) . We did not find an effect of temperature on MAST-4 spatial dynamics, probably due to the narrow range of the water temperature sampled here (Supporting Information Table S2 ). Our data supports, with a much larger sampling effort, previous observations of MAST-4 being widespread and abundant in surface waters (Massana et al., 2006) . Thus, MAST-4 is confirmed as one of the most abundant heterotrophic protist taxa in sunlit oceans, where it likely plays an important role in food-web dynamics and nutrient re-mineralization as a bacterial grazer (Massana et al., 2006 . The second most abundant group was MAST-7, which averaged 22-24 cells ml −1 and represented 6.6% of heterotrophic cells at surface and 3.1% at DCM. A recent study (Giner et al., 2016) showed higher cell densities in coastal samples (160 cells ml −1 on average) and our study is the first investigating its abundance in the open sea. Little is known about the ecological role of MAST-7 and, to the best of our knowledge, only one study has caught a glimpse of its activity as a putative Prochlorococcus grazer (Frias-Lopez et al., 2009) . Given the similar small size and phylogenetic proximity with MAST-4, known to be bacterivorous (Massana et al., 2002 ) and occasionally picoalgivorous , it is likely that MAST-7 is a bacterial grazer as well. MAST-7 and -4 cells were positively correlated, especially in the Indian and Atlantic Oceans, confirming that they follow the same environmental drivers and suggesting that competition among them was not a major driving force. Finally, MAST-1C was also ubiquitous but at lower densities than the other two taxa (< 10 cells ml −1 ). This group represented 2.4% (surface) to 1.0% (DCM) of heterotrophic protists, values similar to those previously reported in temperate waters (Massana et al., 2006) . Much higher cell abundances (up to 200 cells ml −1
) were reported in Antarctic waters (Massana et al., 2006) , showing a putative preference of MAST-1C for cold waters. Although it is assumed that most MAST clades are free-living bacterivorous flagellates (Piwosz et al., 2013; Massana et al., 2014) , we have not yet observed any significant correlation between their spatial dynamics and the total prokaryotic abundance, most likely because the abundance spectra of marine bacteria in our samples is relatively similar to that observed for the MAST groups. Seasonal variation of bacterioplankton community structure is well known (Ghiglione et al., 2005; Mary et al., 2006; Gilbert et al., 2012; Fuhrman et al., 2015) and correlations between specific bacterial and MAST clades, indicative of putative feeding preferences among specific MASTs, could be envisioned.
The abundances of phototrophic and heterotrophic protists and of the MAST taxa were relatively constant along the main oceans investigated, showing a typical unimodal lognormal distribution (i.e., log-transformed abundances normally distributed). This distribution is commonly used to describe taxa/species abundance data, and emerges from the multiplicative interactions of stochastic processes that shape biodiversity (Preston, 1948; McGill et al., 2007; Shoemaker et al., 2017) . Specifically, it has been associated to microbial species abundance curves, where many taxa are rare and a few very abundant, and has allowed to provide theoretical diversity estimates (Curtis et al., 2002; Prosser et al., 2007) . More recently, lognormal distributions have been fitted to the abundance profiles of widely distributed prokaryotic Operational Taxonomic Units (Niño-García et al., 2016) . Our findings show a broader application of the model and suggest that lognormal dynamics underpin the fundamental nature of microbial communities (Prosser et al., 2007; Shoemaker et al., 2017) . Our data highlights the ubiquity and uniformity in the abundance pattern of several protist components in sunlit oceans, indicative of high tolerance to putative environmental changes (Niño-García et al., 2016) . Slight differences in the width of the lognormal distribution were observed among the groups, with abundance values being more dispersed in MAST-4 and MAST-7 than in MAST-1C, phototrophs and heterotrophs. Indeed, photosynthetic and heterotrophic protists include many different species, each one responding differently to variation in environmental conditions (such as the three MASTs groups), but collectively reacting in unison to these changes. Overall, the fact that small protists and MAST cells have near-constant abundances over large oceanic areas indicate that they are part of the microbial ocean's veil as defined by Smetacek (2002) . Under this scenario, the small size of these marine components would allow efficient dispersion and fast growth controlled by equally fast-growing predators (Smetacek, 2002; Durham et al., 2009; Massana and Logares, 2013) . Along the cruise track, the abundance of small protists and MASTs generally varied by a factor of 10, similar to the variation observed among bacterial populations. This contrasts with larger protists like diatoms, dinoflagellates (Brussaard et al., 1996; Leblanc et al., 2012; Paterson et al., 2017) or ciliates (Vaqué et al., 1997; Santoferrara and Alder, 2009) , which have orders of magnitude variation in their local abundances, exhibiting sporadic blooms in which growth and mortality are decoupled (Smetacek, 2002) . In conclusion, the ubiquity and near-constant abundances of small protists and of some of their taxonomic components in sunlit oceans exemplifies their ecological success and their pivotal role in microbial food webs.
Experimental procedures
Sampling
For the calibration of the automated microscopic cell counting, we used data from past projects where we did manual FISH counts (Supporting Information Table S1 ). This includes natural samples from two depth layers in six coastal European sites from the BioMarKs consortium (Giner et al., 2016) and modified assemblages of heterotrophic protists from the Blanes Bay Microbial Observatory (BBMO) (del Campo et al., 2013) . In the latter, surface seawater was prefiltered by 3 μm and incubated in 8 L containers for 8 days in the dark, resulting in the growth and enrichment of heterotrophic pico-sized protist cells. An extra surface sample from BBMO was collected on 6 June 2017 to assess the distribution of cells on filters.
Samples from the three major oceans (Supporting Information Fig. S1 ) were collected in 129 stations visited from December 2010 to July 2011 during the Malaspina 2010 expedition (Duarte, 2015) . Two depths (surface and DCM) were sampled with Niskin bottles attached to a rosette equipped with a Seabird 911Plus CTD probe that measured temperature, fluorescence and salinity (Supporting Information Fig. S2 ). Nutrients (nitrate, phosphate and silicate) were determined as explained in Catalá et al. (2016) . Chlorophyll a concentration was measured with a Turner Designs fluorometer (Estrada et al., 2016) and bacterial abundance was determined by flow cytometry as described in Lara et al. (2017) . Bacterial biomass and bacterial heterotrophic production ( 3 Hleucine incorporation method) were determined as explained in Morán et al. (2017) .
Epifluorescence microscopy counts by DAPI staining
Samples for picoeukaryotic cell counts were prefiltered by gravity through a 200 μm nylon mesh, fixed with icecold glutaraldehyde (1% final concentration), and left for 1 to 24 h in the dark at 4 C. Then, aliquots of 30 ml were filtered through 0.6 μm pore-size black polycarbonate filters (25 mm diameter; DHI; Hørsholm, Denmark) and stained with 0.5 μg ml −1 DAPI. Preparations were mounted on a slide with low-autofluorescence oil and kept at −80 C. Filters were observed with an epifluorescence microscope (Olympus BX61, Olympus America Inc., Center Valley, Pennsylvania) at 1000× magnification under ultraviolet excitation (360 AE 25 nm) for DAPIstained DNA blue fluorescence and blue excitation (465 AE 15 nm) for chlorophyll red autofluorescence to discriminate between pigmented and colourless protists. Counted cells were classified into three size classes: < 3 μm, 3-5 μm and > 5 μm. Data shown here refer to the two smaller classes (≤ 5 μm), which accounted for the large majority of the cells (97% on average).
Quantification by TSA-FISH (FISH coupled with TSA)
Aliquots of 100 ml of 200 μm-prefiltered seawater were fixed with formaldehyde (3.7% final concentration), left for 1-24 h in the dark at 4 C, filtered through 0.6 μm poresize polycarbonate filters (25 mm diameter; DHI), and kept at −80 C until processed. TSA-FISH was carried out on filter sections (1/10 of the filter) as described in Pernice et al. (2015) and Giner et al. (2016) . Three probes were used (Supporting Information Table S3 ): NS1C targeting MAST-1C (Massana et al., 2006) , NS4 targeting MAST-4 (Massana et al., 2002) , and NS7 targeting MAST-7 (Giner et al., 2016) , the latter used with oligonucleotide helpers. Manual counts of hybridized cells were done by exciting with blue light and observing about 40 randomly chosen fields (40-200 cells in total) or, when cell densities were lower than 1 cell per field, from a transect across the filter of about 13 mm (equivalent to 130 fields, about 30-300 cells in total).
Automated microscopy: image acquisition and image analysis
The automated analysis is adapted from Bennke et al. (2016) and uses the motorized microscope ZEISS Axio Imager.Z2 (Carl Zeiss MicroImaging GmbH, Göttingen, Germany) equipped with a Colibri.2 LED light source (Carl Zeiss) and a HE-62 multifilter module (Carl Zeiss). Four filter sections were mounted with an antifading mix in a single slide and up to eight slides were placed at the microscopic stage. A first overview picture of the microscope stage was taken in bright-field illumination with the 1× objective and the SamLoc 1.4 software (Zeder et al., 2011) . This step allows the definition of coordinates (i.e., FOVs) in each filter piece for image acquisition.
Image acquisition was performed with the MPISYS program (modified after Zeder et al. (2011) ) implemented in the AxioVision software 4.8.2 (Carl Zeiss) using the channels defined for DAPI and Alexa Fluor 488 dyes. For each channel, parameters defined by the user were the objective, excitation light, exposure time, focusing procedure, and number of images per z-stack to compensate for filter unevenness. Image acquisition was performed with the 40× objective for MAST-1C cells (~5 μm) and the 63× objective for MAST-4 and MAST-7 cells (~2 μm), resulting in similar cell sizes in the images in the three cases. In each FOV, focusing was first done on the DAPI channel (UV excitation: 385 AE 4.5 nm) and set as a fixed focal position for the FISH channel (blue light excitation: 470 AE 14 nm). Images were taken at 10-25 ms in the DAPI channel and at 50-100 ms in the FISH channel. A single extended depth of field image (EDF) resulting from a z-stack of seven layers was created and saved per DAPI and FISH signals.
Final EDF images were first quality-controlled using the automated image quality control (AIQC) software (Zeder et al., 2010) , and then by a fast visual inspection. Low-quality images with overexposed or underexposed parts or areas out of focus were removed (typically < 10% of the set). Cell detection was done with the Automated Cell Measuring and Enumeration tool 2.0 (ACMEtool2.0; www.technobiology.ch) software. Parameters of all detected objects in the image [area, length, width, mean grey value (MGV), MGVp90, SBR] were evaluated by manual cross-checks to determine the values defining FISH-positive cells. Then, cells were automatically counted by ACMEtool2.0, producing a report of the number of cells per FOV in each filter section. A final manual count from the pictures was done in samples with very low (0-5) or very high (100-200) number of cells per filter section.
Data analyses
An iterative procedure adapted from Niño-Garcia et al.
(2016) was done to find out the model that best fits the abundance distribution of the targeted groups. Since abundance data was log-transformed and some fitting models require non-zero and positive values, samples with less than 1 cell ml −1 were removed from the analysis. The Hartigans' dip test statistic (Maechler, 2015) implemented in the dip test package in R 3.3.2.
(R Development Core Team, 2015) was first computed to assess the non-unimodality of the abundance distribution. According to this test, all groups had a unimodal distribution (P > 0.01). Fits to unimodal models (normal, Weibull, logistic, gamma, lognormal, Cauchy and exponential) were computed by maximum likelihood with the fitdist function of the fitdistrplus package in R (DelignetteMuller and Dutang, 2014) . The best fitting model was the one with the lowest Akaike Information Criterion (AIC) value. To investigate the relationship between the distribution of each group and biotic or abiotic factors, RDA (van den Wollenberg, 1977) was performed with the vegan v2.4-0 package in R (Oksanen et al., 2016) . Prior to analysis, the abundance of each group was standardized by Hellinger transformation (Legendre and Gallagher, 2001) . Abiotic factors considered were nitrate (NO 3 ), phosphate (PO 4 ), silicate (SiO 2 ) and temperature, whereas biotic factors were chlorophyll a, bacterial biomass, production and abundance. For each RDA, forward selection (Blanchet et al., 2008) with 999 Monte Carlo permutation tests was performed to identify the set of parameters that best explain group variation.
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